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ii , ABSTRACT 

^ ■ We present an analysis of the mid-infrared (MIR) colours of 165 70/xm-detected galax- 

ies in the Shapley supercluster core (SSC) at 2=0.048 using panoramic Spitzer/MlVS 
24 and 70/im imaging. While the bulk of galaxies show /70//24 colours typical of local 
star-forming galaxies, we identify a significant sub-population of 23 70/im-excess galax- 

^ \ ies, whose MIR colours (/7o//24>25) are much redder and cannot be reproduced by 

C^ . any of the standard model infrared spectral energy distributions (SEDs). These galax- 

ies are found to be strongly concentrated towards the cores of the five clusters that 
make up the SSC, and also appear rare among local field galaxies, confirming them as 
a cluster-specific phenomenon. Their optical spectra and lack of significant ultraviolet 
r~~~ ' emission imply little or no ongoing star formation, while fits to their panchromatic 

^— ^ , SEDs require the far-infrared emission to come mostly from a diffuse dust component 

heated by the general interstellar radiation field rather than ongoing star formation. 
Most of these 70/zm-excess galaxies are identified as ^L* SOs with smooth profiles. 

We find that almost every cluster galaxy in the process of star- formation quenching 
is already either an SO or Sa, while we find no passive galaxies of class Sb or later. 

^ . , Hence the formation of passive early-type galaxies in cluster cores must involve the 

jrt ' prior morphological transformation of late-type spirals into Sa/SOs, perhaps via pre- 

processing or the impact of cluster tidal fields, before a subsequent quenching of star 
formation once the lenticular encounters the dense environment of the cluster core. In 
the cases of many cluster SOs, this phase of star-formation quenching is characterised 
by an excess of 70/im emission, indicating that the cold dust content is declining at 
a slower rate than star formation. We suggest that the excess 70/(m emission during 
quenching is due to either: (i) a reduction of the star-formation efficiency as proposed 
within the morphological quenching scenario; or (ii) a 2-3 x increase in the dust-to- 
gas ratio or metallicity of the remaining interstellar medium, as predicted by chemical 
evolutionary models of galaxies undergoing ram-pressure stripping or starvation. 

Key words: galaxies: star formation — galaxies: evolution — infrared: galaxies — 
galaxies: clusters: general — galaxies: clusters: individual (A3558) — galaxies: clusters: 
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1 INTRODUCTION in which the galaxy finds itself. Understanding the rela- 

tive importance of nature and nurture remains a key is- 
The evolution of a galaxy is a product of both nature sue in extra-galactic astrophysics. These factors control the 

and nurture - both of its mass, and of the environment star formation rate (SFR) and the dynamical structure 
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or morphology of the galaxy. In isolated galaxies, these 
observational quantities are largely determined by feed- 
back processes acting within the interstellar medium (ISM) 
of the galaxy adjoined to its assembly history via merg- 
ers. In the harsh cluster environment, star formation ac- 
tivity in infalling spiral galax i es can be both enhan ced 
through collisions JMosj l2006l : iBretherton et all I2OI0I ) or 
quenched by various physical mechanisms such as ram- 
pressure stripping, harassment or starvation which trans- 
form them into the passive lenticulars w hich dominate the 
dense cluster cores (for reviews see e.g. Treu et al.l 120031 : 



iBoseUi fc Gavazzill2006l : iHaines et aLlbOOTl ). These environ 



mental mechanis ms produce the well-known star formation 
(SF)-density fe.g.lpressler et al.ll 19851: iPoggianti et al.lll999l : 
iBalogh et al.l 2000 : Ha,ines et al. 120091') and morphology- 
densi ty (|Dressleil Il980l : iDressler et all Il997l : ISmith et all 
[2OO5I) relations. However, the dominant evolutionary path- 
way(s) which generate these relationships remain uncertain. 

Moreover, it remains unclear whether these two rela- 
tions are driven by the same process, by independent pro- 
cesses acting on diverse time-scales, or if one effectively 
drives the other. While some of the diminution in star- 
formation seen in cluster galaxies with respect to the field 
population could be attributed to the different morphologi- 
cal compositions of the two environments, even at fixed mor- 
phology, the star-formation rate of clu ster galaxies is found 
to be lower than in the field (JBalogh et al. 2000 ). indicating 
separate processes at least partially sh ape these relations. 

Alternativelv. lMartig et al.l (|2009l ) suggest that it is the 
morphological transformation of spirals into SOs and the 
growth of the stellar bulge which drives the quenching of 
star-formation in lenticulars by making the gas disk more 
stable against collapse and fragmentation into star-forming 
clumps, without requiring gas consumption or removal. This 
interpretation is supported by the trend for the molecular 
gas consumption time-scale to increase systematically with 
galaxy concentr a tion i ndex {R90/R50), recently observed by 
ISaintonge et al.l (|201l|). This quenching itself is not related 
to the environment of the galaxy, and so cannot alone ex- 
plain the SFR-density relation, instead requiring some ad- 
ditional environmental process(es) capable of producing the 
prior morphological transformat ion of the galaxies, suc h as 
the impact of cluster tidal fields (IBvrd fc Valtonenlll99Cl). o r 
pre-processing within infalling groups (jBalogh et al.ll2004l ). 

Infalling spirals in local clusters show evidence for 
the ongoing removal of gas via ram-pressure stripping 
IjCrowl fc KennevI 120081 ). leading to a rapid termination of 
star-formation from the outside-in, and subsequent fading of 
the disk component. However, SOs are found to differ from 
normal spiral s due to higher bulge lumino sities rather than 
fainter disks (jChristlein fc Zabludofil 120041 ). requiring bulge 
growth during SO formation, disfavouring ram-pressure 
stripping or starvation models. Instead the increased scat- 
ters seen in cluster SO and spiral TuUy-Fisher relations sup- 
port mechanisms that kinematical ly disturb infalling spirals, 
such as merging or harassment l|Moran et al.ll2007h . Such 
tidal interactions are capable of channelling material to a 
central bulge sufficient to produce the higher central mass 
densi ties (Vrot/Gre) seen in cluster spirals (jMoran et al.l 
[20071) and ultimately the central surface brightnesses and 
stellar phase densities found in SOs. 

A number of studies have attempted to distin- 



guish among the various environmental processes by 
identifying and classifying various promising classes of 
transition galaxies, such a s post -s tarburst and/or E+A 
galaxies (IDressler fc Gunn 19831: Poggianti et al. 19991: 



Mercurio et al.l l2004l : iMahaian. Haines fc Raychaudhur' 



2OI0I, 2OI1I), inte raction-induced starburs ts (IMossI 



ihuryl 
2009: 



Fadda et al. 20081). and pa ssive /red spirals l|Van den Berghl 



1976; Ba mford et al.l 120091 ) . indicating that more than one 
mechanism is required. 

A key diagnostic to understand the relevance of these 
proposed transition galaxies is mid-infrared (MIR) data to 
account for the dust-obscured star formation. Many "post- 
starburst" galaxies identified by their deep H5 absorption 
lines and lack of On emissio n were revealed by mid-infrared 
data to be dusty starbursts IjDuc et al.ll2002l : IDressler et al.l 
[20091), whose age-dependant dust obscuration preferentially 
hides the young stars responsible for the On emission above 
those older stars resp onsible for the Balmer absorption 
(jPoggianti fc Wull2000l ). These spectroscopic and MIR sur- 
veys revealed a ubiquitous population of starburst and post- 
starburst ~L* spirals in 2^0.5 clu sters (C ouch fc SharplesI 
1 1987: Geach et a l. 2006 : iDressler et al. 20oi)~which are ab- 
sent in present epoch clusters (JPoggianti et al.iri999l ). They 
have been identified as the likely progenitors of present 
day cluster SOs, whose populations have risen dramati- 
cally over the last 5 Gyr, empiri cally repl acing the spiral s 
([Dressier et al.l [ 19971 : [Treu et al.l 12003 : Smith et al.l [20051). 
Additional ly, interaction-induced sta rbursts are often highly 
obscured ([Mihos fc Hernquist[ [l99J), while many red se- 
quence galaxies (including spirals) have been revealed to 
be actively star-forming, their red colours being attributed 
to dust obscuration rather than being p assively-evolving 
([Woff et al.[[2005[ , [2009l : [Haines et al.|[201ol ). 

Most previous studies of environmental effects on galax- 
ies have concentrated on their impact on morphology and 
star formation. However, given that the environmental pro- 
cesses behind the SF-density relation are likely to act di- 
rectly on the ISM rather than the star forming regions them- 
selves, to fully understand the origin of the SF-density rela- 
tion requires also measures of these impacts of environment 
on the ISM which subsequently drive it. To date, a detailed 
knowledge of the impact of environment on the ISM and 
dust content, and how this drives the SFR-density relation 
is still largely lacking. 

The most accessible probe of the ISM in distant galaxies 
is via far-infrared observations of the ther mal emission from 
their dust contents. Using earl v IRAS ([Ne ugebauer et aL 
1985) and sub-mm observations [Desert. Bou langcr & Puget 
([I990I ) modelled the origin of the far-infrared emission 
in terms of two main components (ignoring PAHs here): 
a warm component of small dust grains in Hll regions 
heated by star formation; and a cool cirrus component of 
large dust grains heated by the interstellar radiation field. 
[Lonsdale Persson fc Heloul ([19871 ) estimated that this cool, 
cirrus component cont ributes as much as 50-70 per cent of 
the far-IR flux, while [Sauvage fc Thuarj ([19921 ) revealed a 
strong morphological trend, with a decreasing cirrus con- 
tribution from ~85 per cent for Sa galaxies to just 3 per 
cent for Sdm galaxies. The unprec edented wavelength cov- 
erage and sensitivity of Herschel ([Pilbratt et al.l [201(3 ) al- 
low s us to extend these analyses to large samples of galax- 
ies. [Kramer et al.l ([20101 ) demonstrate the requirement of a 
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two-component dust model to fit the 24-500/im spectral en- 
ergy distribution (SED) of M33, comprising a hot compo- 
nent (~60K) tracing star-formation and a dominant cold 
component of large dust grains heated by the general inter- 
stellar radiation field. This second component can in effect 
measure the fuel available for star formation, and a com- 
parison of the two components allows us to measure the 
star-formation effi ciency, or gas con sumption time-scale. 

Using IRAS, iDovon fc JosephI ([1989) found that Hi- 
deficient galaxies in the Virgo cluster had lower 60 and 
WOfj.m fluxes, and cooler far-infrared colours than those with 
normal Hi content. They interpreted this as evidence for the 
same two-component model for the far-infrared emission. In 
the cluster environment, the warm star-formation compo- 
nent is diminished in proportion to the Hi deficiency sug- 
gesting that star-formation is regulated by the amount of 
available gas, while the cool component from diffuse dust 
is reduced by a smaller factor as dust is stripped from the 
galaxy. ISO extended the far-infrared coverage beyond that 
of IRAS to 240/im, revealing the presence of a significant 
cold dust component (15-20K) in a complete sampl e of 38 
late- type Virgo cluster galaxies (jPopescu et al.ll2002n . 

While the mid-infrared coverage of Spitzer/MIPS is 
dominated by the reprocessed dust emission from current 
star formation, particularly at 24^m, for the 70/im band 
typically ~40 per cent of the integrated light from galaxies 
can be attributed to dust heat ed by the diffuse interstel- 
lar radiation from evolved stars (jLi et al.ll2010l : iBendo et al.l 
l20ld : ICalzetti et al.l |2010|) . Hence the mid-infrared colours 
(/70//24) can be considered as a sensitive probe of the in- 
terrelation between the ISM and star formation in galaxies. 

In this paper we examine the mid-infrared colours of 
galaxies in the Shapley supercluster core (SSC) at 2=0.048, 
the most massive and dynamically active s tructure in the 
local (z<0.1) Universe (|Ravchaudhurvlll989l ') . In this paper 
the SSC refers to a chain of three merging clusters, A3558, 
SC 1327-312 and SC 1329-313, along with the two associated 
Abell clusters on either side, A3562 and A3556. In § 2 we 
present the panoramic Spitzer and ancillary data obtained 
within the ACCESqj multi-wavelength survey used in this 
work. In § 3 we present the mid-infrared colours (/70//24) of 
galaxies in the SSC, identifying a subpopulation with much 
redder infrared colours (/7o//24>25) than can be reproduced 
by any of the standard infrared SED models, before exam- 
ining in detail the nature of these objects. In § 4 we discuss 
possible origins of these 70/xm-excess galaxies, which appear 
to be dust-rich SOs yet with extremely low SFRs, before 
examining their consequences for the possible evolutionary 
pathways in the formation of cluster SOs. When necessary 
we assume Qai=0.3, f2A=0.7 and Ho=70kms~'^Mpc~'^, such 
that at the distance of the Shapley supercluster 1 arcsec is 
equivalent to 0.96 kpc. 



2 DATA 

The Shapley supercluster core was observed by 
Spitzer/MIPS in medium scan mode over 27-30 Au- 
gust 2008 within the Cycle 5 GO programme 50510 (PI: 
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Figure 1. The infrared colour /24//K versus /24 for Shapley su- 
percluster galaxies identified spectroscopically (large green sym- 
bols) and photometrically according to their UV-optical colours 
(blue symbols). The histogram shows the distribution of /24//K 
colours of the 24/im detected supercluster galaxies, demonstrat- 
ing the clear bimodality in the infrared colours of supercluster 
galaxies. The vertical band indicates the colour scheme used in 
Fig.[2]to distinguish galaxies according to their /24//if flux ratio. 



C.P. Haines). The observations consist of five contiguous 
mosaics providing homogeneous coverage of a ~3deg^ re- 
gion at both 24 and 70pim, with effective exposure times per 
pixel of 84 and 42s in the two bands respectiv ely. The data 
were r educed and analysed as described in iHaines et al.l 
(|2011al . hereafter Paper II), producing catalogues which 
are 90% complete to 0.35 mjy at 24/im (corresponding 
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templates of iRieke et al.ll2009r ) and 25mJy at 70/xm (corre- 
sponding to L/fl=5. 7x10^^0). The MIR sources are then 
cross-correlated with optical B- and R-hand imaging from 
the Shapley Optic al Survey (SOS: iMercurio et al.! l2006l : 
IHaines et al. 20061) and near- infrared K-hand imaging 
i Merluzzi et al.ll2010l . Paper I), which cover the same region 
(see Fig. 1 in Paper II; Fig. O. 

We have spectroscopy of 814 supercluster members, of 
which 396 and 165 are detected at 24/im and 70^m respec- 
tively. Of the 814 galaxies with redshifts placing them in 
the SSC, 415 come from the AAOmega-based spectroscopic 
survey of ISmith et al.l (|2007l ). for which high signal-to-noise 
spectra (median 60/A) were obtained via 8 hr long exposure 
times. The 580V grating on the blue arm of the spectrograph 
provided wavelength coverage over 3700-5800A sampled at 
lA per pixel, while the lOOOR grating on the red arm covered 
5800-7 300A at 0.6A per pix el (1.9 A FWHM). 

In IHaines et al.l (|2011bl . hereafter Paper III) we found a 
clear bimodality in the infrared colour /24//K of SSC galax- 
ies (shown here in Fig. [1} . This ratio is a proxy for the SFR 
per unit stellar mass, that can be used to separate passive 
(/24//K— 0.1) and star-forming (/24//K— 2) galaxies as dis- 
cussed in detail in Paper III. This diagnostic also allows us 
to identify galaxies in between the two sequences, located in 
the infrared analogue of the "green valley" (/24//X— 0.15- 
1.0) population of UV-optical surveys. These galaxies are 
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interpreted as being in the process of having their star for- 
mation quenched. 



3 RESULTS 

3.1 Mid-infrared colours 

In Figure [2] we plot the mid-infrared colour /70//24 ver- 
sus 70/im flux of spectroscopically-confirmed (solid sym- 
bols) and photometrically-selected (open symbols) Shap- 
ley supercluster galaxies (see Paper II). Each symbol is 
coloured according to its f2A/ Jk flux-ratio, as indicated by 
the coloured band of Fig. [l] Galaxies which belong to the 
star-forming sequence of Fig. [l] (green/blue symbols) gener- 
ally have /7o//24~8-20, consistent with colours predic ted by 
the luminosity-dependent SEDs of Rieke et al.l (|2009f ) (ma- 
genta curve) and also the lDale fc Heloul (200^) models with 
Q>1.5. The latter are indicated by the red scale for a=0.1- 
4, and show a turn over at q~2.5. These SEDs are based 
on IRAS and Infrared Space Observatory observations of 69 
normal star-forming galaxies IjDale et al.ll2001 ) and further 
calibrated with sub-millimetre observations. This a value 
parametrises the distribution of d ust mass as a f unction of 
heating intensity, as described in IPale fc Heloul ([2002), in 
which values of a>2 (as seen for most of our star-forming 
galaxies) indicate dust heating by low-intensity radiation 
typical of quiescent star formation extended over a spi- 



100 



ral disk. The bluest mid-infrared colours (/7o//24^8) imply 
smaller values (q<1.5), which correspond to more heating 
from stronger interstellar radiation fields, such as those pro- 
duced by AGN or nuclear starbursts. Very few galaxies from 
our sample show such blue colours. 

We note here a general trend for galaxies to have cooler 
/70//24 colours with decreasing /24//K flux-ratios. This 
would be expected for galaxies of a given mass/size as when 
their SFRs decline the intensitiy of the star-formation and 
ionizing UV radiation reduces, leading to a decline in the 
overall dust temperatures. 

We draw the reader's attention to the significant popu- 
lation of cluster galaxies with much redder infrared colours 
(/7o//24^25; above bl ue dashed line), th at appear incon- 
sisten t with any of the I Rieke et al.l (|2009|) or iDale fc Heloul 
([2002') SEDs at >3(7 significance levels. In total we identify 
23 "70/im-excess" galaxies in the SSC having /7o//24>25, 
or 14±3 per cent of the 70/^m-detected SSC galaxies. We 
have visually checked the Spitzer maps and confirm that for 
each of these 23 sources corresponds to a clear, unambigu- 
ous detection in both 24 and 70/im images, with no possible 
issues with deblending or merging with other sources. The 
spatial offsets between the 70/.im and 24/im/A"-band source 
positions of the 70/im-excess sources ('-^1-3") are entirely 
consistent with those found for the remainder of the 70/xm 
sources of similar flux levels, and expectations of positional 
uncertainties based on their signal-to-noise levels. Our 70/im 
images are fa r too shallow to be affected by confusion noise 
((Tc~0.3mJy; JFraver et al.ll2006l ). As such we would expect 
that their anomalously red colours are not simply the result 
of photometric uncertainties, whereby the 70/im-excess is 
produced by low-S/N sources whose 70/im fiuxes and /70//24 
flux ratios have been scattered up by statistical fluctuations. 

To ensure that this is indeed the case, we created 
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Figure 2. Mid-infrared colour /70//24 versus 70/tm flux of 
spectroscopically-confirmed (soUd symbols) and photometrically 
selected (open symbols) Shapley supercluster galaxies. Each sym- 
bol is coloured according to its /24//X flux-ratio, as indicated 
by the coloured band of Fig. [l] The magenta curve shows the 
predicted /70//2 4 colour evo l ution of the luminosity-dependent 
infrared SEDs of lRieke et al.l l|2009l). The red scale show s the ex- 
pected mid-infrared colours of the iDale fc Heloul 1I2OO2I) models 
for 0=0.1-4. 



random samples based upon the observed 24/im fluxes 
and /70//24 distribution of the supercluster galaxies, after 
censoring the 70/im-excess population. We then give each 
galaxy an artificial /70//24 value assuming a log-normal dis- 
tribution (/t=12.63, cr=0.144dex) derived from the observed 
values, and then perturb both the 24/im and 70/im fluxes 
according to the observed photometric uncertainties (Figs 5 
and 8 from Paper II). After taking into account the com- 
pleteness of our observed catalogues as a function of actual 
70/im flux, we estimate that we would expect ~3 detected 
galaxies to have /7o//24>25 due to being in the tail of the 
intrinsic /70//24 distribution, while ~3 more would be scat- 
tered up into our sample by photometric uncertainties. We 
thus confirm that these 70/im-excess galaxies are a real sub- 
population. 

Of the 22/23 galaxies with K-h&nA photometry, 16 can 
be characterized as being r^L* galaxies, having A'-band 
magnitudes in the range 11.3-12.8, placing them within 
~1 mag of M^ (Paper I), the remainder forming a faint- 
end tail. It is notable that most of these galaxies lie in the 
transition region between the passive and star-forming se- 
quences of Fig. [T] (as indicated by their yellow/orange sym- 
bols in Fig. [2]), which could be interpreted as them being 
in the process of shutting down their star formation via 
their interaction with the dense cluster environment. Such 
galaxies appear similar to the population of cluster galax- 
ies with unexpectedly high /ioo//24>30 flux ratios iden- 
tified in recent Herschel observations of clusters at z^-jQ. 2 
(|Rawle et al.ll2010bl : Fereira et al.|[2010l : ISmith et al.ll2010l ). 
Overall, in terms of a mass- limited cluster galaxy population 
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Figure 3. Spatial distribution of spectroscopically-confirmed 70/im sources across tlie Sliapley supercluster. The symbols are coloured 
according to tlieir /70//24 mid-infrared colour from blue (<7) to orange/red (J;30), while the sizes scale with the K-han d luminosity. 
The shaded region shows the coverage of WFI B, i?-band imaging from the Shapley Optical Survey I IMercurio et al. 2006), from which 
we determine the morphologies. The grayscale contours indicate the surface density of R<21 galaxies (Fig. 1 of lHaines et al. 



the 70/^m-excess galaxies make up 8±2 per cent of all K<13 
{AIk<M*+1.3) SSC galaxies. It is difficult to assess if and 
how this population extends to lower masses, as they are 
likely to drop below our 70/im survey limit beyond K>13.5, 
based on their expected infrared colours. 

We present the photometric properties of these 23 su- 
percluster galaxies with /7o//24>25 in Table [T] including 
their position, morphology and bulge-to-total ratio (as de- 
termined in ii l3.6|) . i('-band magnitude, /7o/,/'24 and /24//A' 
flux ratios and NUV— i? colour. 



3.2 The environments of 70/ini-excess galaxies 
within the SSC 

We plot in Fig. [3] the spatial distribution of the 70/^m- 
detected galaxies across the Shapley supercluster, colour- 
coded according to their /70//24 flux-ratio from blue (<7) 
through the typical ratios of normal star-forming galax- 
ies in green (10-20) and the 70^m-excess galaxies in yel- 
low/orange/red (/70 7/24 ^25). The 70/im-excess galaxies are 
much more clustered than the overall 70/xm supercluster 
galaxy population, concentrated predominately towards the 
core of the richest cluster Abell 3558, along with others near 
the cores of both Abell 3562 and SC 1329-313. 

To quantify this apparent clustering towards the cluster 
cores, we plot in Fig. |4]the cumulative distribution of dis- 
tances of each 70/im-excess galaxy (/7o//24>25) from their 
nearest cluster in units of rsoo (blue dashed curve), where the 
rsoo values are estimated f rom mass density p rofiles derived 
from Chandra X-ray data (jHaines et al.ll2009l ). By compar- 
ing this to the corresponding distribution for all confirmed 
70/xm-detected supercluster members (black solid curve), we 
see that the 70/im-excess galaxies are on average at smaller 
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Figure 4. Cumulative distribution of the distances of 70/tm- 
excess (blue dashed curve) and all 70/im-detected (black solid 
curve) supercluster members from their nearest cluster in units 
of rsoo- 



cluster-centric radii, with 60 per cent of them within 0.5 rsoo 
as opposed to 25 per cent for the entire 70/im-detected pop- 
ulation. Using the two-sample Kolmogorov-Smirnov test, we 
estimate the significance of this result, finding Pxs^O. 00077 
(3.36a). Repeating this test, we find the 70/im-excess galax- 
ies more concentrated towards the cluster cores also than 
the general supercluster population (i.e. all spectroscopic su- 
percluster members), albeit at less significance (Pks=0.029; 
2.2a). 
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ID 


RA(J2000) 


Dec{J2000) 


Morph 


(B/T) 


Velocity 


K 


/7o(mJy) 


/70//24 


hi/fK 


NUV-R 


5587 


13:33:19.807 


-31:39:40.440 


SO 


- 


14000 


12.819 


22.74 


32.31 


0.144 


>6.38 


6222 


13:33:11.698 


-31:40:09.195 


E-SO 


0.757 


14371 


12.200 


47.48 


28.35 


0.193 


5.729 


13898 


13:35:18.317 


-31:25:34.070 


E-SO 


- 


14863 


- 


64.33 


41.81 


0.000 


6.220 


22004 


13:32:14.399 


-31:22:57.368 


SO 


0.515 


14797 


12.048 


22.64 


31.78 


0.072 


5.513 


30092 


13:33:09.527 


-31:36:12.070 


SO 


0.631 


14440 


12.772 


27.94 


32.15 


0.170 


5.756 


36655 


13:31:33.506 


-31:48:46.282 


E 


0.796 


13250 


12.207 


34.44 


64.05 


0.062 


6.232 


61446 


13:27:13.632 


-31:23:54.909 


E-SO 


- 


14246 


12.418 


39.83 


34.14 


0.165 


5.524 


63446 


13:27:47.799 


-31:24:50.303 


SO 


0.982 


14119 


12.179 


32.55 


36.72 


0.100 


5.895 


64370 


13:28:12.948 


-31:26:24.527 


Sa 


0.156 


14853 


12.639 


20.86 


27.69 


0.130 


4.704 


64703 


13:26:31.124 


-31:26:49.215 


SO 


- 


13896 


14.176 


19.38 


28.86 


0.479 


4.346 


65317 


13:27:48.517 


-31:28:45.618 


SO 


0.536 


15709 


12.141 


58.85 


28.72 


0.224 


5.847 


66331 


13:26:47.152 


-31:29:43.419 


Sg 


0.293 


15250 


14.196 


24.55 


30.19 


0.590 


>4.96 


67258 


13:28:28.612 


-31:32:04.525 


SO 


0.294 


14199 


12.718 


26.08 


39.32 


0.123 


5.496 


67346 


13:27:34.943 


-31:32:59.260 


E-SO 


0.662 


12815 


11.748 


56.74 


30.67 


0.141 


5.281 


67440 


13:28:14.518 


-31:32:47.027 


Sa 


- 


14518 


12.356 


62.27 


27.41 


0.303 


>7.37 


67459 


13:28:02.561 


-31:32:13.551 


SO 


0.699 


13846 


12.484 


67.25 


26.86 


0.376 


5.077 


71694 


13:28:08.902 


-31:40:52.153 


SO 


0.678 


12233 


11.874 


52.95 


41.10 


0.110 


6.112 


108346 


13:29:15.186 


-31:07:44.365 


E 


0.690 


14554 


11.955 


108.39 


25.23 


4.296 


5.114 


109544 


13:29:34.225 


-31:08:40.936 


SO 


0.619 


14278 


13.553 


22.24 


32.69 


0.273 


5.011 


129757 


13:26:38.815 


-31:10:16.229 


I 


0.035 


14150 


15.225 


30.21 


30.12 


1.878 


1.507 


131628 


13:27:35.052 


-31:15:41.428 


SO-S 


0.330 


15095 


11.340 


136.96 


28.72 


0.249 


5.821 


143443 


13:29:37.430 


-31:55:57.080 


Sg 


0.002 


14238 


15.523 


21.56 


46.85 


1.134 


2.272 


149556 


13:28:46.500 


-32:10:00.286 


Sg 


0.051 


13710 


14.970 


35.44 


34.85 


1.506 


2.068 



Table 1. Photometric properties of the supercluster members with /7o//24>25. Where no NUV detection is made, we adopt a lower 
limit based on the NUV completeness limit of 22.0. 



3.3 Comparison to field galaxy samples 

Are these 70^m-excess galaxies purely a cluster phe- 
nomenon, or are they ubiquitous? To attempt to answer this, 
we have examined the i nfrared colours of local field galaxies 
taken from the SINGS JKennicutt et al.ll2003t) and Svitzer 
Wide - area InfraRed Extragalactic f SWIRE: iLonsdale et al.l 
[2003) surveys. After correcting the infrared fluxes to the dis- 
tance of the Shapley supercluster (to allow direct compari- 
son with Fig. El, we plot in Fig.[5]the /70//24 infrared colour 
versus 70/im fluxes of the SINGS galaxies as large symbols, 
coloured according to their morphological class. The bulk of 
the SINGS galaxies have the same infrared colours as our 
observed star-forming sequence galaxies (green/blue sym- 
bols in Fig. [21 with 8</7o//24<20. We identify just one 
galaxy, the SO galaxy NGC 5866, with the same anoma- 
lous red colour as our proposed 70^m-excess population. 
iDraine et al] (|2007l ') identified NGC 5866 as a discrepant 
galaxy among their sample of 17 SINGS galaxies (mostly 
spirals) with SCUBA sub-mm photometry, due to its red 
/70//24 colour, and in fitting a dust model to the infrared 
SED, required all of the dust to be exposed to a single diffuse 
interstellar radiation field, without any emission from dust 
heated by star-formation. iLi et al.l (|2009 ') do however find 
evidence for low-level star-formation (SFR~O.O5M0 yr~^) 
based on the detection of extended Paschen-a and Ha 
emission, while Spitzer/YRS spectroscopy reveals clear PAH 
features at 7.7, 11. 3 and 12.7/im due to star formation 
l|Shapiro et al.ll20ld ). 

We extend the field galaxy sample by matching the 
SWIRE 24/im and 70/im so urce catalogues for th e Lock- 
man and Elais Nl/2 fields l|Lonsdale et al.1 12003| '1 to the 
SDSS DR7 optical spectros copic and photometric cata- 
logues (|Abazaiian et al.ll2009f ). identifying 455 2<0.12 galax- 
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Figure 5. Mid-infrared colour /70//24 versus 70/^m flux of local 
field galaxies from the SINGS and SWIRE surveys. The large 
coloured symbols identify galaxies from the SINGS sample, where 
the colour of the symbol indicates the morphological class from 
red (E) to blue (Im). The smaller grey symbols indicate galaxies 
from the SWIRE survey with spectroscopic redshifts (2<0.12) 
from SDSS. The /70 flux is baaed upon the galaxy being shifted 
to the distance of the Shapley supercluster. 



ies with both 24/im and 70/im fluxes. Both the Lockman 
Hole and Elais N2 SWIRE fields fully lie within the SDSS 
DR7 footprint, covering 12.1 and 5.7deg'^ respectively, while 
about one-fifth of the 8.5 deg^ Elais Nl field also has SDSS 
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Figure 6 . Optical spectra ( shifted to the rest-frame of the galaxy) of those 70/im-excess supercluster galaxies within the AAOmega 
sample of lSmith et alj l|2007l ) covering the wavel ength range 3700— 510 0A (left) around the Ho emission line (right). Also shown are two 
SSPs from the MILES stellar population models llVazdekis et al.ll2010l) which bracket the properties of the observed spectra. The primary 
Balmer (Hq, H/3, H7, H(5) and forbidden-line (On, Olll) indices are indicated by shaded vertical bars. 



spectroscopic coverage. We plot the FIR fluxes and colours 
of the SDSS-SWIRE matched sample as grey points in Fig- 
ure[5]after normalising the MIR fluxes to those which would 
be obtained if the source were at the distance of the Shap- 
ley supercluster. The obtained /70//24 colours show a nar- 
row range about the median value of 12.08, with la and 2a 
ranges of 9.25-16.5 and 5.3-24.8 respectively, fully consis- 
tent with the SINGS sample. We see a small population of 
hot IR- bright galaxies with /7o>100mJy and fro / f24<7 , for 
which the bulk of the IR-emission is likely due to AGN. We 
confirm also the rarity of 70/im-excess FIR-bright galaxies 
in the field, with just five of 420-440 soureces (1.2±0.5 per 
cent) in the SDSS-SWIRE matched sample that would have 
been detected above the completeness limit of our Shap- 
ley 70/im imaging having /7o//24>25. This evident rarity of 
70^m-excess sources in field surveys supports the hypothesis 
that these represent a cluster population. 



3.4 Spectra 

In Fig. |S] we present the spectra of all seven 70A(m - excess 
galaxies from the AAOmega survey of ISmith et al.l (|2007l ) 
having /7o>30mJy. In the left panel we present the spec- 
tra from the blue arm, covering the region from rest-frame 
On to Olll, including the 4000A break and the age-sensitive 
Balmer indices HJ, H7 and H/3 (marked by the shaded verti- 
cal bands) . For comparison we show solar-metallicity simple 
stellar populations of ages 6 a nd 14Gyr from the MILES 
evolutionary synthetic models (jVazdekis et al.ll201Cl ). Visu- 
ally, these two models bracket and match well the overall 
continuum over this wavelength range as well as the pri- 
mary age-sensitive features such as the 4000A break and 
the Balmer indices, suggesting that these galaxies are dom- 
inated by old stellar populations with ages in the range 6- 
14 Gyr. This can be shown also quantitatively, as four out of 
these seven galaxie s with EW(Ha)<0 .5A had mean stellar 
ages determined bv lSmith et al.l l|2007r ) , resulting in values of 



6.3±0.5Gyr (#6222), 9.8±0.6Gyr (#13898), 11.0±0.5Gyr 
(#63446) and 7.7±0.7Gyr (#65317). Th ere is also little if 
any e vidence from the Rose Can indices (jLeonardi fc Rose! 
|l996J) of "frosting" by small subpopulations of young stars 
(<lGyr), except perhaps for galaxy #61446, while equally 
there is no evidence of post-starburst signatures in the form 
of deep Balmer absorption lines. 

In the right panel we present the spectra from the red 
arm covering the region around Ha for the same galaxies, 
again showing the 6 and 14 Gyr old SSPs for comparison. 
Even low levels of ongoing star-formation should be de- 
tectable in the form of Ha emission, but again we see little 
evidence for this in any of the galaxies except #61446, al- 
though there is apparent filling in of the Ha absorption ex- 
pected of single old stellar populations. These galaxies have 
EW(H a) in the range 0.3 -3A and uncertainties of just 0.03- 
0.06A (|Smith et al.ll2007f ). 

One caveat to this is that the AAOmega 2 arcsec di- 
ameter fibres cover just the central kpc of the galaxies, 
which can lead to severe aperture biases in the cases of 
galaxies with strong radial age or star formation gradients 
(jKewlev. Jansen fc Gelleill2005h . In the case of early- type 
spirals or SOs this could imply sampling only the central 
bulge, missing extended star-formation occuring within the 
ou ter disk and spiral arms as dem o nstrate d most clearly 
in iHaines et~ai] l|2008l ). iRawle et al.1 (|2010al ) presented VI- 
MOS integral field spectroscopy of three of the 70/^m- 
excess galaxies (#65317=MGP 1626; #13898=MGP 3976, 
#30092eeMGP3971). They found no evidence for young 
stellar populations in the outer regions of these galaxies. 
Indeed MGP 1626 and MGP 3971 have the two strongest 
positive age gradients in their sample of 19 galaxies, i.e. 
the central regions covered by the AAOmega fibres map 
the youngest stellar populations in the galaxies. These three 
galaxies show no statistical differences in the radial gradients 
of any of the stellar population parameters (age, metallicity, 
abundances) or velocity dispersion from the remainder of the 
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Figure 7. The best-fitting model (black curve) panchromatic FUV— FIR spectral energy distribution of the 70/im-excess galaxies nor- 
malized at 2.2/im (blue symbols) separated into those which are UV-faint {left panel) and UV-bright {right panel). The pan-spectral 
model SED is made up of three components: an 11 Gyr old stellar population (red curve); young 10— lOOMyr old stellar population (green 
curve); and emission from the Hll regions (blue curve). 



sample (T. Rawle; private communication). This global lack 
of star formation in these galaxies is confirmed by their red 
NUV—J?~5-6 colours, placing th em within the UV-optical 
red sequence (JHaines et al.ll2008 ). 

In summary, both spectroscopic (both fibre-based and 
integral field) and ultraviolet continuum observations of the 
70/im-excess galaxies find them completely dominated by 
emission from evolved stars with little or no evidence of 
young stellar populations (<1 Gyr). 



3.5 Panchromatic SEDs 

We now attempt to gain insight into the origin of the 
mid-infrared colours of these galaxies, by examining their 
panchromatic spectral energy distributions (SEDs). In Fig- 
ure [7] we plot the SEDs of all the 70/im-excess galaxies 
(with if-band photometry) from the far-ultraviolet to the 
far-infrared, after normalizing at 2.2/im (circular symbols). 
In order to efficiently model their SEDs, we have first split 
the population into two according to whether they appeared 
UV dim (NUV— 7?>5; left panel) or showed significant UV 
emission (NUV— -R~2; right panel). In terms of numbers, 
the vast majority (19/22) of the 70/im-excess galaxies fall 
in the UV-dim sub-population, and so we will focus most 
attention on these. 

We have modelled the averaged panchromatic SEDs 
of the two s ub-po pulations by the starburst models of 
I Groves et al.l (|2008l ). These model s combine the stellar spec- 
tral synthesis code Starburst99 (|Leitherer et al.lll999l ) and 
the photoionization code mappings hi ( Grovesll2004h . which 
follows both the nebular emission and radiative transfer lo- 
cally within individual Hll regions. The expansion of these 
regions is driven by the me chanical energy in put of their 
cluster stars and supernovae l|Dopita et al.ll2005l ). The FUV- 
FIR SEDs of the 70/im-excess galaxies galaxies were fit by 
models with three components: (i) an ensemble of young 
Hll regions surrounding young clusters with ages <10Myr 
enclosed by photodissociation regions and foreground atten- 
uation by a dust screen (blue curve); (ii) a young stellar pop- 
ulation with ages 10-100 Myr modelling the young stars that 



have recently dispersed into the field from the active star- 
forming regions (green curve); and (iii) an old stellar pop- 
ulation based on the 11 Gyr template of ISruzual fc CharlotI 
(|2003l ) to model the evolved stars unconnected with the cur- 
rent star formation episode (red curve). 

In the UV-optical we see little or no contribution from 
the current or recent star formation to the spectra for the 
vast majority of these galaxies {left panel), being essentially 
modelled by a simple stellar population of age 11 Gyr. This 
is particularly so for 0.3-3 /im, consistent with the observed 
AAOmega spectra being well described by 6-14 Gyr old 
SSPs (Fig. [S|. Only in the FUV is any contribution from 
young (<100Myr old) stars apparent, but even here it could 
be feasibly be excluded for many of the galaxies. This doesn't 
appear to be due to dust extinction, the underlying old stel- 
lar population is extinction free, while the modelled young 
10-100 Myr old component has Av~0.3mag. The models 
predict a negligible contribution at UV-optical wavelengths 
from Hll regions, with little or no detectable nebular emis- 
sion. This is confirmed by the lack of significant Ha emis- 
sion in any of the galaxies in Fig. [5] or those covered by 
IFU spectroscopy (JRawle et al.ll2010al ). Moreover, the op- 
tical and nebular emission suggested by the blue curves is 
an artifact of the models, which connect implicitly the dust 
heating process to Hll regions, producing nebular emission 
as a consequence of the ionizing UV radiation (heavily ex- 
tincted) required to heat the dust sufficiently to produce the 
observed far-infrared emission. Given the clear lack of ob- 
served UV or nebular emission, the origin of the UV/optical 
radiation required to heat the dust component remains un- 
clear. 

The emission from Hll regions is instead only detectable 
in the mid/far-infrared, demonstrating the importance of 
such data for fully understanding the processes which drive 
and quench star formation in galaxies. The Hll compo- 
nent indeed is required to fit the observed emission in 
the Spitzer/MlPS 24/im and 70/im passbands, the pre- 
dicted 24/im emission due to photospheric emission from 
the evolved stellar population (red curve) being an order of 
magntiude lower than that observed. The models also pre- 
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diet that emission from the Hll regions should be detectable 
in the form of PAH emission at 6-20/im. Unfortunately, we 
do not have any photometry at these wavelengths, although 
we note again that NGC 5866 fro m the SINGS samp le does 
indeed show clear PAH features l|Shapiro et al.ll2010l ). 

One caveat is that Spitzer Infrared Spectrograph (IRS) 
observations of early-type galaxies have revealed diffuse, ex- 
cess emission over 10-30^m, due to silicate emission from 
the dusty circumst ellar envelopes of m ass-losing asymptotic 
giant branch stars IjBressan et al.ll2006l ). which persists even 
for the very evolved stella r populations beyond 10 Gyr old 
l|Piovan. Tantalo fc Chiosil 12003^. While this component is 
not included in our models, and could in principle explain 
the 24^m fluxes, its emission should then decline rapidly 
beyond 30/im, and hence could in no way contribute signif- 
icantly to the thermal emission detected at 70/im. 

We do note however that 3/23 galaxies from our sam- 
ple do have significant UV emission from recent star for- 
mation (right panel of Fig. [7|, having NUV— -R'^2. These 
three also have /24//a"~-^1-5 ratios typical of normally star- 
forming galaxies, much lower A'-band luminosities and later- 
type morphologies than the remainder of the sample. Given 
the rather diverse properties of these 3 galaxies with respect 
to all of the others, and the likelihood that many similar 
low-mass galaxies would be missed by our 70/im survey, it is 
difficult to assess the importance or relation of these galaxies 
with respect to the rest of the population. 

As well as providing a robust constraint for the level of 
star formation within Hll regions, the mid-infrared emission 
constrains the intensity of the radiation heating the dust, 
via the compactness parameter, C, which is of the form 



C oc 



{R{tr)' 



(1) 



where L,{t) and R{t) describe the time evoluti on of the stel- 
lar lu minosities and radii of the Hll regions (| Groves et al.l 
120081 ). Hence C provides a measure of the density of radiation 
within Hll regions available for heating the dust. As is shown 
in Fig. 5 of I Groves et al .' (2008), the primary effect of varying 
C is to change the temperature of the dust, and systemati- 
cally shift the wavelength of the far-infrared dust emission. 
As the compactness parameter decreases from logC=6.5 to 
logC=4.0, the peak wavelength of the far-infrared emis- 
sion moves to progressively longer wavelengths from 50/im 
to 130/im, i.e. the dust temperature drops from ~60K to 
~20K. The constraint on the compactness parameter for 
our galaxies comes from their /70//24 colours, which can 
only be modelled by an extremely low compactness param- 
eter logC~4.0. Such a low C value produces dust tempera- 
tures and far-infrared SEDs similar to those produced by a 
radiation field of intensity 1-10 x the local interstellar radi- 
ation field (ISRF) similar to that modelled for NGC 5866 
l|Draine et al.ll2007h . In contrast, star-formation within Hll 
regions produces a more intense radiation field, heating the 
surrounding dust to higher tem peratures, resulting in com- 
pactness parameters logC>5.5 (iDopita et al.l I2OI1I ') . incon- 
sistent with our SED model fits. If we consider the predicted 
far-infrared colours of a galaxy with emission solely from the 
general ISRF, the maximal /70//24 ratio would occur for a 
radiation field •^lOx th e local "solar neighbourhood" ISRF 
IjCompiegne et al.|[201ll l. 

This view that the anomalous /70//24 colours require 



very low values of the compactness parameter C is con- 
sistent with the model predictions of iLi et al.l l|20ld ) who 
show that the characteristics of the dust emission as ob- 
served by the /70//24 colour are strongly linked to the 
surface density of star formation within a star-forming 
region (ESFR/Mq yr~^ kpc~^), independent of metallicity 
(their Fig. 8). In this case the 2-3 x increase in /70//24 
required to produce our 70/im-excess galaxies from the 
normal star-forming populati on implies a reduct ion in 
ESFR of ~50-100x. Similarly, ICalzetti et all (|2010l ) shows 
that the integrated /70//24 colours of normal star-forming 
galaxies (LIRGs excluded) are tightly anti-correlated with 
the star form a tion s urface density (their Fig. 17), while 
IPopescu et al.l (|201ll ) show that the mid-infrared colours 
mainly depend on the ratio between the diffuse component 
from the ISM (heated by both young and old stars) and the 
clumpy component from the Hll regions (the F factor in their 
formulation). In this latter work, the largest /70//24 ratios 
are produced by a diffuse component heated only by evolved 
stars without a significant additional clumpy component. 

We note at this point that there are clear limitations on 
our ability to model and constrain the far-infrared emission 
of these galaxies. Firstly, given that we have just two data 
points (24/im and 70pm), we can only reasonably fit the 
far-infrared emission by a single-component model with one 
free parameter, C. This means that we cannot consider more 
complex or realistic models which are able to fit separately 
the diffuse cool dust component related to the general inter- 
stellar medium and the hotter, clumpy component linked to 
star formation (e.g. lPopescu et al.ll201ll ). Moreover, the lack 
of coverage beyond 70fim means that we are not mapping 
the peak of the far-infrared emission from large dust grains, 
and so cannot constrain either the temperature or mass of 
the cool, diffuse dust component. In particular, we cannot 
distinguish between models in which the excess 70/im emis- 
sion is due to an increase in the mass of the cold, diffuse 
dust component, or rather an increase in its temperature. 
While our mid-infrared observations are sufficient to show 
that the infrared (~10-1000/im) emission comes primarily 
from a cool diffuse component, further observations in at 
least one passband at '^200-500/im to map the Rayleigh- 
Jeans tail of the far-infrared emission are required to con- 
strain the nature of this diffuse component, in a manner sim- 
ilar to that already achieved using Herschel PACS/SPIRE 
observations in five far-infrared bands over 70-500/im (e.g. 
iKramer et"aIll2010l : [Rawle et al.ll2010bl ). 



3.6 Morphologies 

We morphologically classified each spectroscopic member 
of the S SC by eye, placing them o nto the revised Hubble 
scheme l|de Vaucouleurdl 1959 . 119631 ). using the high-quality 
B- and ii-band WFI imaging from the SOS (FWHM~0.7"), 
ex tending the earl i er mo rphological classification performed 
bv lGargiulo et al.] (|2009l ) for the passi vely-evolving subsarn - 
ple. The angular resolution and depth IjMercurio et al.ll2006r ) 
of the data allows us to assign each galaxy into the following 
classes: E, E/SO, SO, SO/S and S. The spirals (S) are subse- 
quently split into Sa, Sb, Sbc, Sc, Sg and Irregulars, where Sg 
are clearly spirals, but for which we could not make any more 
detailed classification. E galaxies have smooth radial pro- 
files without discontinuities in surface brightness. SO galaxies 
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Figure 8. The bulge-disk decomposition of the 70/im-excess galaxies in order of decreasing f2i/ fii, showing the R-band surface brightness 
profile, with resulting best-fitting bulge (red curve; Sersic-fit) and disk (blue curve; exponential) components. 



show a clear additional non-spheroidal (disk or lens) com- 
ponent, but no apparent spiral arms. E/SO galaxies appear 
azimuthally symmetric, preventing us from visually distin- 
guishing between Es and face-on SOs. T he above classifica- 
tion s cheme is identical to that used bv lThomas fc Katgerti 
(|200a) for a subset of 201 SSC members in the vicinity of 
A 3558 and A 3562 as part of the ESO Nearby AbeU Cluster 
Survey (EN ACS). This allows us to compare directly our 
morphologies with a c ompletely independent set of classifi- 
cations, albeit those of iThomas fc Katgerti (|2006l ) are based 
on poorer quality B, R-hanA imag ing (1.2-2.0") from the 
1.54m Danish telescope at La Silla (JKateert et al.lll996r ). In 
general we find excellent agreement between the two sets of 
classifications, although the improved image quality of our 
WEI images rev ealed a small fraction of g alaxies classified 
as SO or SO/S bv lThomas fc Katgerti (|2006l ) to be spirals. 

Of the 23 SSC galaxies with (/7o//24)>25, two were 
classed as Es, four as E/SOs, 11 as SOs, two as Sa and four 
later-type galaxies. The four late-types are the four lowest 
luminosity galaxies with K>14. That the vast majority of 
these galaxies are of morphological class Sa or earlier would 
appear surprising given that all have 70/im detections, even 
if we are sampling an overdense region where early- type 
galaxies should dominate. If we consider the morphologies of 
all 165 TO/xm-detected SSC galaxies, 65 are E/SOs while 100 
are spirals (Sa or later). Based on binomial statistics there is 
a probability of just 3.4x lO^** of extracting 17 or more E/SO 
galaxies out of 23 by chance from the global population. 
What is most notable is that for all these galaxies we see 
smooth surface profiles with no evidence of star-forming re- 
gions. This is particularly surprising given their 70/^m-based 
selection, as all previous morphological surveys of mid/far- 
infrared or radio-selected cluster galaxies hav e been com- 
plete l y dominated by late- types an d mergers (jSmail et al.l 
ll999l : lBalogh et al.|[200i : ICoia et ahl lJOOd). 

To obtain a more quantitative measure of the morpho- 
logical structures of these galaxies we have performed a 
bulge -disk decomposition using 2dphot iJLa Barbera et al.l 
I2OO8I ) to fit the _R-band radial surface brightness profile of 
each galaxy. In Figure [8] we show the 1-d radial _R-band 
surface brightness profiles of 10/11 galax;ies (black points) 
from our sample of 70/im-excess galax;ies with /7o>30mJy 
(we could not perform surface photometry on one galaxy due 
to it being near a bright star), in order of decreasing f2i/ Jk 



and the best-fitting linear combination of a Sersic profile 
(red curve; representing the bulge) and an exponential pro- 
file (blue curve; representing the disk), convolved with the 
local point spread function, as estimated from nearby non- 
saturated stars. In almost all cases we see the primary char- 
acteristics of SOs, with the central regions dominated by a 
high-surface brightness bulge component, which makes way 
to a dominant disk component characterised by a smooth 
exponential profile at larger radii. 

Looking at the bulge-disk decompositions in order of 
decreasing f2i/ Jk (from top-left to bottom-right) there vi- 
sually appears some trend for the bulge component to be- 
come increasingly dominant while the disk component de- 
clines. Although within these 10 galaxies we only see a 
marginal correlation between the bulge-to-total (B/T) ra- 
tio and /24//K, being significant only at an 88% level based 
on the Spearman rank correlation test, when considering 
the whole 70/im-excess sample this significance increases to 
97%. This correlation suggests the star- formation is being 
quenched as the disk component declines and/or the bulge 
component is being built up in SOs. Alternatively, this trend 
could simply refiect that these are composite systems, com- 
prising both bulge and disk components, with the 24/.im 
emission associated to the star-forming disk. 

We also performed full two-dimensional surface pho- 
tometry of the 70^m -excess galaxies using the semi- 
automated Galfit (v2. |Peng et al.|[200a ) software. Thumb- 
nails centred on each galaxy were extracted from the _R-band 
images, and the surface photometry modelled as either ex- 
ponential or Sersic profiles, or a linear combination of the 
two, each convolved with the local PSF, the best fit ob- 
tained by minimising the x^ residuals. In Fig. [9] we show 
four example fits obtained by Galfit. In the top two rows 
we show the original thumbnail image of the 70/^m-excess 
galaxy (left panel), the residuals obtained after fitting with 
a single Sersic model (central panel), and the residuals ob- 
tained after fitting with a linear combination of a bulge and 
disk component (right panel). For these galaxies, we see that 
a single Sersic model doesn't provide an accurate fit to the 
galaxy profile, simultaneously underestimating the galaxy 
fiux along the major axis, while over-subtracting the fiux 
along the minor axis. The remnants of a disk component are 
clearly visible. The combination of bulge and disk compo- 
nents perform much better, certainly along the minor axis. 
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Figure 9. Sample two-dimensional fit results for 70/^m-excess 
galaxies. Each plot shows the R-band galaxy thumbnail (left) 
and residual map(s) (centre/right) after subtraction of the best- 
fit GALFIT models), using the same grey-scale of intensity levels. 
The top two panels show the residual maps for both the best-fit 
single Sersic model (centre) and Sersic-|-exponential disk models, 
while the bottom two panels show the residual maps for just the 
Sersic-|-exponential disk model. The colour scaling is kept con- 
stant for each galaxy. 



although even here we see clear residuals from either a boxy 
bulge or spiral arms. In the lower two panels we simply show 
the original thumbnail image (left) and residual maps after 
subtracting the best-fit bulge+disk model. In the first case 
we obtain an excellent fit, with almost no residuals, while 
for the second case there is evidence for a remnant bar. 



3.7 The 70/im-excess phase along the quenching 
sequence. 

To place these 70/xm-excess galaxies along the evolutionary 
pathway from normal star-forming spiral to passive SOs, we 
plot in Figure [To] /24 //if versus fjo/JK flux ratios colour- 
coded according to their morphological classification. As dis- 
cussed previously, we can consider the f2i/ Jk ratio to be 
a good proxy for the specific-SFR. The 70 micron emission 
could be better described as a measure of the cooler dust 
(20-60K), either that belonging to the interstellar medium, 
or also that associated with the star-formation. For the spi- 
ral galaxy population (green/blue symbols) we can see the 
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Figure 10. The infrared fro/fK versus f2i/fK colour-colour se- 
quence for Shapley supercluster galaxies detected at 70/xm. The 
symbols are coloured according to their morphological classifica- 
tion, while the sizes scale with the X-band luminosity. The dashed 
line indicates the sequence with /7o//24=10, while the dotted line 
indicates a sequence with fro/ fK°^{f24/ fK)^'^ 



overall colour-colour trend can be well described a sequence 
in f24,/fK in which the 70 micron emission is directly propor- 
tional to the 24 micron emission (/7o//24=10; dashed line). 
This suggests that for these galaxies the 70 micron emission 
produced primarily from dust heated by star-formation. 

However, at the lowest /24//K ratios, we see the /to/Jk 
ratios of the SOs (orange/yellow symbols) lie systematically 
above this sequence (although ellipticals in contrast do not), 
suggesting that the 70 micron emission is declining slower 
than the 24 micron emission. Following iDovon fc JosephI 
( 1989) who suggested that whereas the star-formation de- 
clines in a manner proportional to the Hi deficiency, the 
cool dust content declines at slower rate. If we consider the 
/to/Jk as a measure of the cool dust content, this would 
then decline as (f2i/ IkY , as shown in Fig. [10] by the dot- 
ted line. As Ida Cunha et all l|2008l . I2OI0I ) show, for actively 
star-forming galaxies stellar birth clouds are the main con- 
tributors to dust heating and hence the infrared emission, 
while in more quiescent galaxies, the bulk (>80%) of dust 
emission arises from the heating of dust by older stars in the 
interstellar medium. Indeed, for galaxies of a given stellar 
mass, they find (Md/SSFR)(xSSFR"^''^ and so for galaxies 
in which the 70 micron emission and dust heating is primar- 
ily due to evolved stars, we may expect the dust content and 
hence fro/ Jk to follow the dot-dashed curve. Interestingly, 
in a comparable Spitzer/MlVS a n alysis of 225 E/SO galax- 
ies, iTemi. Brighenti fc Mathewsl (|2009r ) find a remarkably 
tight "banana-shaped" relation among the infrared colours 
formed by the /24//X and fro/ fn ratios. For E/SOs with 
/24//K ratios lying within the transition region up to the 
normal star-forming sequence, shows the fro/ fn ratio de- 
clining as (/24//x)^ before turning over and declining 
rapidly as the galaxy reaches the passive sequence in /24//X. 

The trends revealed by Fig. [I0]support the 70^m-excess 
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population representing a fundamental aspect of the quench- 
ing of star formation within early-type galaxies. 



4 DISCUSSION 

We examined the mid-infrared colours of 165 70pm-detected 
spectroscopic members of the Shapley supercluster core at 
2=0.048, using panoramic Spifaer/MIPS 24pm and 70/im 
data. Among these galaxies we identified a population of 
23 "70pim-excess" galaxies, comprising 14±3 per cent of 
70pim-detected SSC galaxies, whose mid-infrared colours 
(/7o//24>25) are much redder than can be reproduced by 
any of the standard infrared SED models, and which also 
appear extremely rare in field surveys. These galaxies are 
primarily massive ^L*j^ galax;ies with E/SO morphologies, 
and intermediate /24//X ratios placing them in transition 
zone in which galaxies in the process of having their star 
formation quenched are likely to be located. In the two- 
component model for the far-infrared emission these colours 
could be understood as galaxies in which the star-formation 
is being quenched (or was recently), thus reducing the 24/im 
emission and explaining the low f24,/ Jk flux-ratios, while 
the emission seen at 70/im is largely due to dust heated pre- 
dominately by relatively young stars (10*-10^yr) and the 
interstellar radiation field. 

These 70^m-excess galaxies comprise 8±2 per cent of all 
ii'<13 (M/f<M*-|-1.3) SSC members, indicating that they 
represent an important evolutionary pathway for cluster 
galaxies. Given this, we now attempt to place these galaxies 
within the theoretical frameworks provided by the various 
environmental processes that are currently believed to be 
important in transforming galaxies within clusters, includ- 
ing ram-pressure stripping and morphological quenching. 



4.1 Ram-pressure stripping 

The concentration of these 70/im-excess galaxies in the clus- 
ter cores would suggest ram-pressure stripping as the mech- 
anism causing the observed quenching of star-formation. In 
such galaxies, the gas i s stripped from t he outside-in, leav- 
ing truncated Hi disks (|Vogt et al.ll2004l '). Within this trun- 
cation radius star formation continues normally, but out- 
side evid ence is found for recently quenched stellar pop- 
ulations (|Crowl fc Kennev 20081). U s ing sp atially- resolved 
HerschellS'PlR'R maps lCortese et all l|2010al 'l show the cold 
dust to be collocated with the gas, appearing truncated 
for highly Hl-deficient spirals in the Virgo cluster. Hence, 
while star formation is quenched and gas removed via ram- 
pressure stripping, as the gas/dust surface densities within 
the truncation radius remain high, the star-formation ejfi- 
ciency should be unaffected, and the SFR and gas contents 
should decline in step. 

While the Hi gas contents of cluster galaxies may be 
partially or completely stripped by ram pressure, the molec- 
ular gas, by virtue of its much higher density and being more 
tightly bound within the potential well of the galaxy, should 
be much more difficult to remove. Indeed, in a CO survey 
260 ear ly-type galax i es fro m the volume-limited ATLAS^"^ 
sample. IVoung et al.l (|201ll 'l recently found no significant dif- 
ference between the molecular gas contents of early-type 



galaxies in the Virgo cluster and those in isolated field re- 
gions within 24Mpc. Moreover, the dynamical status of the 
12 CO-detected Virgo cluster galaxies (all SOs) is consistent 
with being a virialized population, deeply embedded within 
the hot intracluster gas, and unlikely to be recently accreted 
cluster members. They have probably retained their molec- 
ular gas over several Gyr within the cluster, albeit their 
molecular gas fractions (Mhj/M.^O. 001-0. 01) are now a 
fact or >10x lower than th ose of normal star-forming galax- 
ies (|Saintonge et aLlbOllI ). 

As ram-pressure stripping and the milder starvation 
mechanism prevent further accretion of pristine gas, the re- 
maining Hi gas is enriched by metals recycled from stellar 
mass loss, particularly via the shedding of the stellar en- 
velopes during the asymptotic giant branch phase, increas- 
ing the gas mctallicity by a factor ~2-3 IjSkillman et al.l 
1996; BoscUi ct al. 2008), which may in turn reduce the star 
formatio n efficiency (a nd hence 24pm emission) by a similar 
factor (jDib et al.ll201ll ) . As the dust-to-gas rati o is known to 
scale approximately linearly with metallicity (JDraine et al.l 
[20071), we may expect the ratio between dust content and 
SFR to increase by a similar factor 2-3. This however re- 
quires us to make many assumptions about how the metals 
produce by evolved stars are frozen into dust grains as well 
as the rate at which dust grains are destroyed in the ISM for 
SOs passing through the cores of clusters as opposed to iso- 
lated field spirals. This enrichment of the remaining ISM by 
stellar mass loss could though be responsible for the anoma- 
lously red /70//24 colours. Moreover an increase in the dust- 
to-gas ratio may directly reduce the star formation efficiency, 
if radiation pressure from the absorption and scattering of 
starlight by dust grains ac ts as an important mechanis m in 
regulating star formation ( Andrews fc ThompsonlbOllh . 

iLeitner fc Kravtsovl (|201ll ) show that at low-redshifts 
gas recycling from stellar mass loss can provide most if not 
all of the gas required for star formation in galaxies, par- 
ticularly those with lower than average specific-SFRs (as 
our galaxies are). The key for stellar mass loss to be effi- 
cient in fuelling star formation is the presence of at least 
some gaseous disk, into which the enriched material can be 
released directly. For elliptical galaxies with hot gas halos, 
the enriched gas released by AGB stars is likely rapidly dis- 
ru pted and mixed with the hot halo gas. The simulations 
of iMartig fc BournardI (|2010f ) suggest that continuous recy- 
cling of gas through stellar mass loss also contributes signif- 
icantly to the gro wth and survival o f the disk component in 
these cluster SOs. iDavis et al.l (|2011f ) find that the molecular 
gas of the Virgo cluster CO-detected SOs is always kinemat- 
ically aligned with the stellar kinematics, consistent with an 
internal origin such as stellar mass loss. 

Another explanation could be that the cold dust is 
heated during the stripping process, boosting the 70 micron 
fiuxes. This wou ld be consis t ent wi th the lOOpm-excess 
galaxies found bv lRawle et al.l (|2010bj) in the Bullet cluster, 
as the dust temperatures estimated by their fitting their 
combined _ffersc/ieZ/PACS-l-SPIRE photometry for these 
galaxies were found to be higher than expected given their 
infrared luminosity. The ram-pressure could also be remov- 
ing the dust /ga s from the vic i nity of the source of heat- 
ing (the stars). ICortese et al.l (|2010bl ) found extra-planar 
cold dust in the perturbed galaxy NGC4438 in Virgo col- 
located with the stripped atomic and molecular hydrogen. 
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Figure 11. Effective ram pressure (piCM'^'^j.i,) acting on galax- 
ies infalling into Abell 3558 as a function of cluster-centric ra- 
di us (solid line), based on the ga s/mass density profiles estimated 
bv lSanderson &: PonmanI 1I2OICI) from Chandra X-ray data. The 
shaded regions i ndicate the l a errors extrapolated from the un- 
certainties in thelAscasibar & Diego (2008) model parameters ob- 
tained from 200 bootstrap resamplings of the original X-ray data 
(for details see iSanderson fc Ponmanii2010i) . 



This extra-planar dust lacks a warm component or associ- 
ated star formation, leading to unusual /70//24 colours sim- 
ilar to those presented by our 70/im-excess galaxies. 

Finally, we check to see if ram-pressure stripping 
should be effective for the se galaxies. For Abell 3558, 
I Sanderson fc PonmarJ ()201Cl ) derived the dark matter den- 
sity, gas density (picm) a nd gas temperature profiles 
by fitting lAscasibar fc Diegol (|2008 i) models to the Chan- 
dra X-ray d ata. In the s e mod els, the dark matter is de- 
scribed by a iHernauisj (|l99Cl ) density profile, which pro- 
vides simple analytic expressions for the mass profile, 
gravitational potential and escape velocity (veac)- From 
this, we can derive the ram-pressure, Pram=piCMVorb ^'Ct- 
ing on galaxies as a function of cluster-centric radius, 
as shown in Fig. [11] For the orbital velocities, we as- 
sume the galaxies start at rest at the turnaround radius 
(''ta~3.5r2oo) and fall radially. We find obtain values of 
^1000cm~^(kms~^)^ at O.eSrsoo (wh ere r5oo=1.29Mpc; 
ISanderson. O'SuUivan fc Ponmanll2009l ). indicative of mod- 
erate ram-pressure stripping, capable of partially strip- 
ping an L* spi ral with rotational velocity ^'rot^ 150- 
200kms-i (e.g. IVoUmer et al.l I2001I : iRoediger fc HensleJ 



I2OO5I : iKronberger et al.l 120081 ). rising to ram pressures of 



--10000cm"^(kms"^)^ at 0.24 rsoo, at which point aU of the 
gas may be rapidly stripped from such galaxies. Thus for the 
bulk of our 70/im-excess galaxies, which lie within ~0.5- 
1-0 rsoo, moderate-to-strong ram- pressure stripping should 
be effective. 

Furthermore, the velocity dispersion of the 13 70^m- 
excess galaxies within rsoo of Abell 3558 is 948kms~^, 
marginally lower than the 975±39kms~^ obtained for the 
global cluster population within rsoo. This would indicate 
that these 70/xm-excess galaxies are a virialized population, 
having been embedded in the dense ICM for a Gyr or more, 
rather than being on their first infall into the cluster. The 



fact that they make up 8±2 per cent of the cluster galaxy 
population would also imply that this 70/im-excess phase 
is long-lived, rather than the rapid evolution typically ex- 
pe cted from ram-press ure stripping of infalling spirals, but 
as lYoung et al.l (|201ll ) argue, the molecular gas content 
should be much more resistant to ram-pressure stripping 
than the easily removed Hi component. 



4.2 Morphological quenching 

The 70/^m-excess galaxies are morphologically identified as 
SOs, with smooth profiles and absent spiral arms. An al- 
ternative mechanism that could cause the decline in star- 
formation to occur more rapidly than the reduction in 
the dust/gas content could be morpho logical quenching. I n 
this hypothesis, recently developed bv lMartig et al.l (|2009h . 
the morphological transformation from spiral to lenticular 
makes the gas (and collocated dust) more stable against 
fragmentation and collapse into molecular clouds, leading 
to a quenching of star formation for a constant gas/dust 
fraction. The 24/im flux tracing the star-formation con- 
tinues to decline, while the 70/im flux comes predomi- 
nately from the cold interstellar dust content. The gen- 
eral interstellar radiation field in the bulge is predicted to 
be sufficiently strong to heat this dust without req uiring 
young stars due to the high central density of stars IjJural 
Il982l ). IRAS detected far- infrared emission from a large frac- 
tion of nearby early-type galaxies, sho wing that they con- 
tain ed diffuse cool interstellar matter rKnapp et al.l Il989l : 
Go udfrooii fc de Jon g 1995; Mcrluzzi 1 998). Recent Her- 



schel obser vations of nearby g alaxies by lEngelbracht et al.l 
(1,2010!) and lBendo et al.l l|201CI ) show that the temperatures 
of the cool dust component in the central regions of early- 
type spirals (SO-Sb) are 20-50% higher than in the disks, 
indicating that the dust is heated by the higher stellar den- 
sity in the galactic bulge. Again t his dust hea t ing wo uld 
be consistent with the SED fits of iRawle et al.l l|2010bl ) to 
their lOO/^m-excess cluster population, although only one of 
their five lOO/im-excess galaxies with HST imaging appears 
bulge-dominated. 

While early-type galaxies are classically defined as gas- 
poor passive systems, molecular gas. Hi and warm dust 
was detected in 30 per cent o f the SAURON represen- 
tative sample of E/SO g alaxies ( Combes. Young fc Burearn 
2007i ). ICrocker et al.l (|2011 ) resolved the molecular gas for 12 
SAURON galaxies into central disks or rings, coincident with 
the dust distribution (often in the form of tightly- wound spi- 
ral structures) and corrotating with the ionized gas. How- 
ever, star formation is the ionisation source for just half of 
the sample, corresponding to those with the largest molecu- 
lar gas reservoirs. Most of their E/SOs do not lie on the FIR- 
radio relation, having excess FIR fiux, while the bolometric 
IR fiux produces SFR estimates ~3 times higher than those 
based on the 8/xm or 24/im fiuxes, due to additional heat- 
ing from evolved stars in the bulge. Interestingly, one galaxy 
from their sample, NGC 4526 an SO belonging to the Virgo 
cluster, is also a 70/im-excess galaxy with /7o//24~30, sup- 
porting the hypothesis that these are a cluster population. 
Of the 225 mostly field E/SO galaxie s in th e Spitzer/Ml¥S 
study of lTemi. Brighenti fc Mathewj (|2009l ) only NGC 5866 
and NGC 4526 have /7o//24>30, again suggesting that this 
is a rare or short-lived phenomenon in isolated field E/SOs. 
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Figure 12. The infrared colour /24//A' versus X-band magni- 
tude for confirmed Stiapley supercluster galaxies, colour-coded ac- 
cording to their morphologiesas indicated. The red dashed lines 
indicate how we separate galaxies into star-forming, transition 
and passive populations according the their /24///C ratio as dis- 
cussed in the text. Those galaxies not detected at 24/im are 
also plotted, after being given a random 24^m flux in the range 
100-200/iJy, that is a factor 2-4 below the survey limit, and 
appear along the diagonal sequence passing through K^13.5, 
/24//x~0.05. 



The above results all reveal that a fraction of early-type 
galaxies have significant gas and dust contents, producing 
emission in the far-infrared, at levels above those predicted 
given their extremely low levels of star formation. 



4.3 Caveats with both scenarios 

The presence of numerous SOs within the star-forming se- 
quence of Fig. [T] and all along the quenching sequence of 
Fig. 1101 appears to point towards a morphological scenario 
in which spirals are first transformed into SOs without neces- 
sarily affecting their star-formation, before being quenched 
morphologically. This however, doesn't explain why these 
transition dusty SOs with litte or no star formation are lo- 
cated almost exclusively in the dense cluster cores and ap- 
pear so rare in isolated field regions. In contrast the ram- 
pressure stripping scenario is able naturally to explain their 
concentration in the cluster cores where the dense ICM and 
high infall velocities make ram-pressure stripping most ef- 
ficient. It doesn't however explain why these galaxies have 
already been morphologically transformed from spirals to 
SOs, as ram-pressure stripping is not predicted to strongly 
affect a galaxy's morphology. Instead, we would expect to 
find large numbers of spirals with little or no star- formation, 
which judging by Fig. [10] isn't the case. However we note 
that galaxies for which star-formation has been largely or 
completely quenched would not likely be detected at 70/im 
and hence aren't included in the figure. 



4.4 Relating the quenching of star formation to 
the morphological transformation of galaxies 
within clusters 

To accurately account for the quenched galaxy population, 
and to be able to determine if indeed star-formation is pri- 
marily quenched after morphological transformation rather 
than before, we show in Fig. [12] the infrared colour f 24,/ fK 
versus AT-band magnitude of confirmed Shapley superclus- 
ter galaxies, colour-coded according to their morphological 
classifications, allowing us to directly relate the bimodal- 
ity in the star-formation activity to morphology. As we 
would expect, the passive galaxies (/24//if <0.15) are pre- 
dominately early-types (E, E/SO, SO), while the normal star- 
forming galaxies (/24//k>1.0) are mostly spirals (Sa or 
later). There are however notable populations of both pas- 
sive spirals and star-forming SOs. 

Looking first at the 277 passive galaxies with K<14:, we 
find that 10. ll^^ per cent are classified as spirals (27 Sa, 1 
Sg). These examples of massive spirals wit h low SFRs are 
remin iscent of the classic "anemic spiral" of I Van den Berghl 
(1 19761 ) ■ although all sho w also a p rominent bulge. This 
would be consistent with JBelll (|2008f ) who show that truly 
quenched central galaxies (i.e. most massive galaxies within 
their host DM halo) have stellar bulges, indicating that 
a bulge, is an absolute requirement for full quenching of 
star formation (at least in central galaxies). For these 
passive spirals certainly ram-pressure stripping is a suit- 
able candidate for removing their gas and quenching star- 
formation, in a manner similar to those spirals with trun- 
cated Hg-disks and/or Hi tails found in Virgo |Vogt et al.l 
20041: JKoo pmann fc KennevI |2004| : ICrowl fc Kennevll2008l : 
Chung et al. 2009). Conversely, considering the 77 K<1A 



star-forming galaxies, 18.2l3g per cent are classified as early 
types (2 SO/S, 10 SO, 1 E/SO, 1 E), for which it seems the 
morphological transformation has occured prior to any sig- 
nificant quenching of star-formation. This time sequence is 
the opp osite of what has been suggested by pr evious stud- 
ies fe.g. JBalogh et al.ll2000l : lBamford eralll2009l ) which typi- 
cally use optical colour as a proxy for star- forma tion activity. 
However, using Spitzer mid-infrared data Wolf etal, (2009|) 
revealed that these optically passive spirals still had signif- 
icant obscured star formation, albeit at levels 0.6 dex lower 
on average than normal star-forming galaxies of the same 
mass. They suggested that these apparent contraditions be- 
tween the optical and mid-infrared viewpoints reflected that 
the unobscured star-formation in the outer disk is the most 
susceptible to quenching by ram-pressure stripping, while 
the obscured component in the central parts remains rela- 
tively unaffected. 

That there are comparable fractions and numbers of 
passive spirals and star-forming early-types indicates that 
star-formation in cluster galaxies is being quenched both be- 
fore and after morphological transformation from spiral to 
SO. This is confirmed if we look at the morphologies of the 
transition galaxies with 0.15<(/24//ii:)<1.0 likely to be in 
the process of having their star formation quenched. Here we 
find that 41.9lg;5 P^^ cent of the 74 KkU transition galax- 
ies are spirals (26 Sa, 2 Sb, 3 Sg), and SS.lljl per cent are 
early-types (29 SO, 2 SO-S, 6 E/SO, 6 E). Among this lat- 
ter population, many have excess 70/im emission, producing 
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mid-infrared colours inconsistent with those seen in the local 
field population or by model infrared SEDs. 

The concentration of these transitional SOs with ex- 
cess 70/im emission towards the cluster cores points towards 
ram-pressure stripping being as the mechanism quenching 
the st ar formation in these galaxies. However, assuming the 
simple lGunn fc GottI (|l972l ) criterion the high central stellar 
densities of these SOs should significantly reduce the ability 
of ram-pressure stripping to completely remove their gas, 
while at low redshifts stellar mass loss should be capable of 
replenishing the gas supply requried to maint ain observed 
low le vels of star formation. As the findings of lYoung et al.l 
l|201ll ) show, a significant fraction of SOs are able to retain 
their molecular gas for several Gyr within the dense ICM 
of the Virgo cluster. The apparent "virialized" dynamical 
status of the 70/im-excess population, suggests that these 
have also resided within the ICM for some time, rather than 
observed on their first infall. If this is the case, then it seems 
plausible that these are the direct descendants of the dusty 
starburst and p ost-starburst ^L* gal a xies abundant i n clus - 
ters at 2~0.4 (|Poggianti et al.lll999l : iDressler et al.ll2009l ). 
but which appear rare in present day clusters. 



5 SUMMARY 

We have presented an analysis of the mid-infrared colours 
of 165 70/im-detected spectroscopic members of the 
Shapley supercluster core at 2=0.048, using panoramic 
Spitzer/MlPS 24/im and 70/im data. While the bulk of 
galaxies show mid-infrared colours typical of local star- 
forming galaxies, we identified a significant population of 
23 "70/xm-excess" galaxies, comprising 14±3 per cent of 
70/xm-detected SSC galaxies, whose mid-infrared colours 
(/7o//24>25) are much cooler than can be reproduced by 
any of the standard infrared SED models. We examined in 
detail the nature of these galaxies, finding the following: 

• They are strongly concentrated towards the cores 
(<0.5r5oo) of the five clusters that make up the SSC, and 
also appear extremely rare among local field galaxies from 
the SINGS and SWIRE surveys, confirming them as a 
cluster-specific phenomenon. 

• Their intermediate /24//A' ratios place them in transi- 
tion zone in which galaxies in the process of having their 
star formation quenched are likely to be located. 

• Their optical spectra and lack of significant ultraviolet 
emission imply little or no ongoing star formation. 

• They are primarily massive ^LJ^ galaxies with E/SO 
morphologies, as confirmed by subsequent bulge-disk decom- 
positions requiring comparable bulge and disk components 
to fit their _R-band surface brightness profiles. 

• Fits to their panchromatic SEDs require their far- 
infrared emission to be produced mostly by the diffuse dust 
component heated by the general interstellar radiation field 
rather than the clumpy component related to ongoing star 
formation. Given that for most of these galaxies there is no 
evidence of ongoing or recent star formation, the origin of 
this dust heating mechanism remains unclear. 

The joint analyses of the infrared colours and morpholo- 
gies reveal that a primary evolutionary pathway for the for- 
mation of passive SOs in cluster cores involves the prior mor- 



phological transformation of spirals into SOs, perhaps via 
pre-processing or the impact of cluster tidal fields, before 
a subsequent quenching of star formation once the SO en- 
counters the dense environment of the cluster core. Many of 
the cluster SOs in this latter stage of transformation, that is 
in the process of having their star formation quenched, are 
characterised by excess 70/im emission, indicating that their 
cold dust contents are probably declining at a slower rate 
than their star formation. This observation, their concentra- 
tion within the cluster cores, and their apparent virialized 
dynamical status, draw strong parallels with the population 
of molecular gas-rich SOs identified by lYoung et al.l (|2011h 
in the Virgo cluster. These results suggest then that SOs are 
able to retain both their molecular gas and dust contents 
for a significant length of time (>1 Gyr) within the ICM, 
after being accreted by a cluster. These thus represent a key 
transition population that can be used to understand the 
physical mechanisms behind the formation of many passive 
lenticulars in local clusters. 

We put forward two possible causes for these cluster SOs 
with excess 70fim emission: (i) assuming the dust-to-gas ra- 
tio remains constant, the 70/^m excess suggests a reduction 
in the star-formation efficiency in these dusty cluster SOs 
as proposed within the morphological quenching scenario; 
or (ii) a 2-3 x increase in the dust-to-gas ratio or metallic- 
ity of the remnant ISM of these galaxies, as predicted by 
multizone chemical evolutionary models of galaxies in the 
process of being ram-pressure stripped or starved. In this 
latter scenario, the accretion of pristine gas is shut down, 
and so no longer dilutes the remaining Hi gas enriched by 
metals recycled by stellar mass loss. 

This evolutionary pathway is quite different from the 
often considered view that star formation is quenched in 
spiral galaxies once they encounter the clust er environment, 
form i ng the classic anemic spiral population l|Van den Berghl 
1 19761 : iPoggianti et al.l [l999l : iBalogh et all [20001 ). which are 
then transformed somehow into lenticulars. Notably, we 
identify significant populations of both star-forming SOs and 
passive spirals which reveal that star-formation in cluster 
galaxies is being quenched both before and after morpholog- 
ical transformation from spiral to lenticular, and that both 
pathways are of comparable relevance. This was confirmed 
when we looked at the transition galaxies likely to be in 
the process of having their star formation quenched, finding 
them to made up of 42 per cent spirals (mostly Sa) and 58 
per cent early-type galaxies, most of which were SOs. 

These results confirm that the environmental processes 
behind the SFR-density and morphology-density relations 
are complex and are far from being fully understood. The 
availability of far-infared data is allowing us now to probe 
directly the interstellar medium via its dust content, which 
given that the environmental processes behind the quench- 
ing of star formation in cluster galaxies are likely to act 
directly on the ISM rather than the star forming regions 
themselves, will be crucial in fully understanding the origin 
of the SF-density relation. 
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